Abstract-Morphological computation is a concept relevant to robots made of soft and elastic materials. It states that robot's rich dynamics can be exploited to generate desirable behaviors, which can be altered when their morphology is adapted accordingly. This paper presents a low-cost robot made of elastic curved beam driven by a motor, with morphological computation and adaptation ability. Simply by changing robot's shape and the rotating frequency of the motor that vibrates the robot's body, the robot is able to shift its behavior from showing a tendency to slide when it needs to perform tasks like going under confined space, to have more tendency to hop diagonally forward when the robot stands upright. It will also be shown that based on the proposed mechanism, the energy efficiency of the robot locomotion can be maximized.
I. INTRODUCTION
Many types of robots were developed over the years for different purposes and tasks. Recently, the use of soft and elastic materials for developing robots have gained a lot of interest in the research area known as soft robotics [1] , [2] , [3] , [4] . Due to the ability to flexibly deform, among others, it is expected that these robots will be able to accomplish tasks like locomotion in unstructured environments with energy efficient mobility, as well as go through debris and confined spaces. It is argued that the shared keyword of these "soft robots" is deformation, where the approaches to achieve it can include various technological solutions [5] . The examples include jamming with granular materials [6] , silicone rubber with pneumatic actuation [7] , tensegrity mechanism [8] as well as vibration and deformation of elastic beams [9] .
In this regard, morphological computation is a biologically inspired concept relevant to soft robotics which argues that the body shape, material properties and physical dynamics of robots as physically embodied systems, can be exploited to generate desirable behavior during their interaction with the environment. The use of soft, deformable and elastic materials in robots is in many ways related to morphological computation due to these soft robot's complex dynamics [5] , which will be altered when their morphology is varied [10] , [11] , [12] . For instance, one of the most actively investigated topics is the notion of variable stiffness actuator, i.e. the ability to adjust the stiffness of the robot's body through the implemented actuation method [13] . 1 In terms of desirable characteristics of the robot that can be facilitated through the morphological computation concept, energy efficient locomotion is an example that attracts a lot of attention [14] , [15] , [16] , [17] . Different types of locomotion that have been investigated from this perspective include hopping [14] , running [15] , [16] and walking [17] .
The problem, however, pertains with regards to the lack of a systematic and low cost methodology to take advantage of the morphological computation and adaptation concept for having the desirable properties in robotic systems, such as adaptability or energy efficiency. From this perspective low cost lightweight yet dynamically complex robots composed of an elastic curved shaped beam and an attached rotating mass that vibrates the robot's body were proposed [9] , [14] , [18] , [19] . It has been demonstrated that a C-shaped curved beam robot can perform stable and energy efficient hopping locomotion by exploiting the dynamics of the used elastic beam through the frequency of the rotation mass [14] . Other examples of research in this direction include the basic mechanism to generate different gait patterns [9] and goal directed motion by using a minimalistic control structure [9] , [18] , [19] .
Due to the easy development, low cost nature and lightweight, energy efficiency as well as easily observable morphological computation ability, research on elastic curved beam robots can potentially be brought from fundamental ones to application-oriented ones like exploration or search and rescue scenarios where the this low cost and compliant robot is expected to be able to go under small openings. Nevertheless, an important aspect in this regard is the investigation of how the ability to adapt the morphology to the environment on-the-spot that affects the robot's dynamics and its desirable property such as energy efficiency.
The main goal of this paper is to do an initial investigation on how the morphological adaptation of curved beam robot affects its dynamics and energy efficiency for accomplishing potential tasks such as going under confined spaces. It will be shown that by simply changing its shape and the rotating frequency of the motor, the robot is able to shift its behavior from purely sliding when it needs to travel under confined space, to enable it to have more tendency to hop forward in the opposite condition. It will also be shown that based on the proposed mechanism, the energy efficiency of the robots motion can be maximized.
The rest of the paper will be organized as follows: first, in Section II, we introduce the structure and design of the curved beam robot used in the article. We use Lagrangian to develop a mathematical model of this robot to explain the effect of vibrations during locomotion. In Section III, we explain the experimental setup used for the study and discuss about the robots energy efficiency. Then, Section IV describes experimental results and analyse the behaviour of the robot. Finally, we will conclude the paper and suggest several possible future works.
II. CURVED BEAM ROBOT WITH SHAPE CHANGING ABILITY
This section describes the design and modelling part of the curved beam robot in detail. As the shape of the robot is similar to inverted "U" so we call it the inverted U-shaped curved beam robot (IUCBR) here onwards. Later we explain the equivalent schematic diagram of the curved beam robot under study including the modeling of robot dynamics based on its shape changing ability.
A. Physical Robot
The inverted u-shape curved beam robot (IUCBR) described in this work consists of a flexible metal beam, or the body, rests on two horizontal metal strips at the either ends, as shown in Figure 1(a) .
The robot is formed using two equal length steel strips which are stuck together using acrylic foam tape (shear strength ≥ 200gm/cm 2 ). Self-stability is ensured by designing the robot's structure properly, an approach that has already been verified earlier [9] , [14] . In more details, the width of the robot feet is designed such that it is sufficient to balance the robot in sagittal plane and avoid it from falling. In addition, rubber from tyres of toy car are glued at the rear end of the feet to provide smoother motion and better grip.
We attach a DC motor with a small rotating mass on the upper part of rear leg of the robot, a Gulf Coast Data Concepts X200-4 USB impact accelerometer data logger at the top part of the robot body and two Power HD-1160A miniature servos placed under the joined strips. These servos are connected to the end part of robot body through cableties. At the shaft end of the DC motor is attached a rotating arm and at the other of this arm is attached a rotating mass. The combined weight of these is is lumped and shown as rotating mas, m r . The leg length is assumed to be l and these they make an angle θ , with the vertical.
B. Modeling of Robot Dynamics
We observe the structure of the physical robot and find out that the mass of the foot and the mass of the curved beam is negligible when compared to the mass of motors placed at the center point of robot body. Thus we model the dynamics of the robot based on Figure 1 (b) as a mass spring system with the following assumptions for the ease of calculations:
• We analyse the locomotion in the sagittal plane where wider feet provide balance to the curved beam robot in frontal plane. • We approximate the curved beam robot by three point masses, toe of them representing robot foot while the last one signifies mass of all the motors combined.
• After observing the behaviour of the IUCBR, the rotating ability in the body is represented by a torsional spring element placed at the centre top of the body while a linear spring element exhibits deflection in longitudinal direction is placed in the middle of the legs. Figure 1(b) . On the other hand, when robot makes an angle α with the horizontal surface its placed upon, the torsional spring coefficient is changed to k α to remove the ambiguity while the longitudinal spring coefficient remains the same as earlier k L . As a result, this model consists of mechanical design parameters (i.e., θ , l,
and control parameters (i.e., α, β , m r ).
More specifically, the whole weight of the body is assumed to be concentrated at three point masses as shown which are connected through linear and torsional spring-damper elements. The energy supplied to the DC motor for the actuation of robot is rotational constant force which in turn gives the centripetal and centrifugal forces of the rotating mass.
To study the locomotion of vibration based robots, resonance frequency of the the structure in place is a key parameter [9] , [14] . As in, if we are somehow able to induce vibrations in the structure that have frequency equal to the body then two frequencies get synchronised with one another and aid in achieving high performance. Since the body of IUCBR is made up of elastic material having tendency to stretch and rotate thus the structure has torsional and longitudinal frequencies of vibrations. Now we aim to look closely at the two models in Figure  2 and analytically determine the expression for torsional and longitudinal resonance frequencies by estimating the Lagrangian L of the curved beam robot in the upright position:
The torsional equation of motion is derived by differentiating L U with respect to torsional angle β
As we can see, for small angles sinβ ≈ β and the torsional resonance frequency of the curved bean robot is obtained using the homogeneous part of differentiation equation:
Thus, torsional resonance frequency is found to be,
Similarly to get the longitudinal resonance frequency we differentiate L U with respect to leg length, l
on comparing with homogeneous part we get longitudinal resonance frequency as Similarly, on the same lines as for upright position we derive the Lagrangian L for robot with configuration parallel to horizontal ground and all the parameters retain their significance as before with the α being measure in anticlockwise direction from the ground.
We obtain torsional resonance frequency as
and, longitudinal resonance frequency as
The torsional and longitudinal resonance frequencies of the robot in horizontal i.e. 20 • configuration and in upright configuration of 40 • are recorded by fixing the robot to the table, tune the frequency and observe the maximum amplitudes at each corresponding direction, similar to the procedure explained in [14] over several times. The result is shown in Table II 
III. EXPERIMENTAL SETUP
In this section we give details about the experiment bench setup for this paper, as shown by Figure 3 . Figure 3(a) shows the curved beam robot described in Section 2 placed on a particular surface to record the experimental data. An IBM table with the standard size of 1.5'W x 6'L x 2.5'H whose top is made of laminated high pressured board 18mm thick of grey color is used as surface to run the robot. When the DC motor is actuated with a constant power supply the small rotating mass, weighing 1.35gm that is attached at the end of the rotating arm which in turn is connected to the shaft of DC motor at one end, induces vibrations in the curved beam robot. When the rotating mass frequency approximates to the resonance frequency of the curved beam robot, the robot should move efficiently as the magnitude of the motion should be maximized with minimum used energy.
The energy efficiency of a robot can be studied very well with the help of accepted metric which is the specific resistance known as the cost of transportation (CoT) [14] . Following equation 10a shows how to calculate the cost of transport,
A more usable form can be achieved by putting, power (P) as product of voltage (V ) and current (I) and velocity (v) as ratio of distance (d) and time (t). Thus, converting equation 10a into: 
where m is total mass of system in kg, P is energy the expenditure in watts, g is standard gravitational acceleration in m/s 2 and v is velocity in m/s, V is applied voltage in volts, I is applied current in ampere, t is trail time duration of robot in run, m is the total mass of the system in kg, d is distance covered by the robot for the clocked time t in seconds.
It can therefore be seen that this setup helps in determining the energy efficiency of IUCBR by calculating CoT for different shapes. The data from accelerometer helps in stating that by changing the frequency of induced vibrations in the IUCBR we can control the locomotion behaviour or in other words the its energy consumption for better locomotion.
We use servo motors to change the shape of the curved beam robot which are controlled through a DFRduino UNO V3.0 board with motor shield. It is a simple microcontroller board fully compatible with Arduino UNO R3 and Arduino IDE open-source development environment. Figure  3(b) shows the GUI of the software used to control the servos which change the shape of the robot. In the images the servo angle had been set to 40 • and an input voltage of 2.20V is fed to the DC motor. Figure 3 The X200-4 USB accelerometer data logger uses accelerometer sensor to record the raw digital data. Although this helps in minimizing processor load, increasing sample rate capability, and avoiding data errors due to floating point calculations this raw data needs to be processed to get the useful form. The 16-bit data having 2 16 or 65536 discreet counts, covers the full range of the ±200g sensor. Thus, we divide the raw data by the conversion factor is 65536/(400*9.807) ≈ 16.706 or multiply by 0.05986 to get the value in m/s 2 .
Next step is to convert this time domain data to frequency domain and obtain the magnitude of power coefficient in the direction of accelerometer axes. For each set of readings we find maximum power coefficient against corresponding frequency value. We also record the distance covered and time taken by the robot for that set of input voltage and current. For each set of data we calculate the mean and standard deviation of all the parameters of interest like input voltage, speed, cost of transport (CoT) and power.
As a final step we repeat the above whole process for the other two values of angle of configuration that decide the shape of the robot.
IV. EXPERIMENTAL RESULTS AND ANALYSIS
In this section we show the results of the real-world robot as an output of the experiments carried out. Based on that we analyse the characteristics and behaviour of the IUCBR developed.
A. Results
The rear leg, on which motor with rotating mass is mounted, propels the robot to move forward. Once the DC motor is powered, its shaft rotates anti-clockwise such that the rotating mass provides forward momentum when rotating and induces vibrations in the rear part of the structure. The elastic nature of the steel strip propagates the forward momentum to the front leg, forcing the front leg to move forward. The rubber pads glued at the legs then enable this shift of vibrations into significant robot movement. The exhibited behaviour of locomotion of IUCBR can be described as following (also refer to the attached video): As the mass swings backwards, it forces the top of the robot to move backwards. This movement is pressuring the rear leg and thus lifting the front leg. At this moment, robot balances its total weight on the rear leg which tends to contract due to the elasticity of the metal and added body weight on itself. Stored energy in the rear leg releases as soon as the swinging mass is on the way to the front, which moves the robot forward while the front leg is still in the air. Thus, there is increment in flexing between the legs when compared with the robot in its still position. Similarly, when the rotating mass is swinging towards the front, the top of the robot will also swing towards the front switching the weight of the robot from the rear leg to the front leg and lifting the rear leg while storing energy in the front leg by contracting it. This movement will move the rear leg to the front.
Finally, as the rotating mass moves again towards the back of the robot, rear leg will touch the ground while the energy is stored in the front leg of the curved beam. The added rubber to the back of the rear leg gives added friction to the rear leg than of the front leg which results the front leg to slip and fling in to air while transferring the stored energy to the rear leg of the robot in the same time which the swing mass swings further behind of the robot and the total mass of the robot is again on the rear leg of the robot. This whole process makes the robot move to the front efficiently.
The plot of variation of CoT over the range of input voltage is shown in Figure 5 where we have three curves one each for a different configuration. The default shape of the robot is the one in which the angle of the connecting rod with the horizontal is 30 • and we can see that we get the lowest value of CoT as 0.546 at input voltage 0.89V after which tends to increase till the voltage of 2.13V is achieved. Same is the case with 20 • configuration where we get the lowest value of CoT as 0.708 against an input voltage of 1.01V which shows that even the robot with a deformed shape from it original body structure but tends to maintain the CoT near its best value. For the 40 • robot configuration we get an inverted bell shape curve till voltage 1.80V after which it starts to drop in again indicating another value of two resonance frequencies for the structure. 
B. Analysis
The detailed variation of CoT with respect to voltage and speed for robot snapshots showed in Figure 4 is plotted in Figure 5 . The concept of morphological computation and the exploitation of the body-environment dynamics dictates this occurrence strengthening the fact that resonance frequency of the structure is the main cause of energy efficient locomotion. Figure 6 depicts the value of power coefficients in the two principal axes directions for the three different robot configurations against the set of values which record the best CoT in each of the cases. As mentioned in Section 3, these power coefficients are obtained by applying FFT on converted accelerometer data. It shows the magnitude of the power of acceleration in two principal axes; frontal plane along x-axis, and sagittal plane along z-axis. For the purpose of clarity, the power in the axial plane along the y axis is not shown in Fig 6 as it simply shows the sideways vibrations which are not the centre of discussion in analyzing the robot behaviour.
We observe that when the power in the x and z direction are quite different, and x is higher, it implies that only the longitudinal frequency drives the robot as shown in Figure  6 (a) and (b) and again supported by the values of torsional and longitudinal frequencies recorded experimentally in Table II. Physically, it means that the robots will have more tendency to slide forward with maximum power. While, the power in x and z direction are close to each other when the robot is close to upright position, which indicates that both the torsional and longitudinal frequencies occur at approximately the same time as shown in Figure 6 (c) and this is also the case as evident from Table II . Physically, it means that the robot has more tendency to hop diagonally forward motion as the power at x and z direction are almost the same with a resultant in x-z direction. The observations made in Figure 6 are similar to what has been shown by the model in 7. Figure 6 (c) is more similar to the model in Figure  7 (a), meaning that the torsional and longitudinal frequencies (1) are placed close to each other. Figure 6 Figure 6 support each other and help in explaining the energy efficiency and gait behavior. For example, when the robot is almost horizontal as shown by Figure 2(b) , the lowest COT shown by Figure 5 (a) happens when the robot is driven by a very low frequency. Here, based on Figure 6 & 7, the behavior of the robot is to simply slide forward. The COT and gait behavior make sense as the derived model shows that for this shape the longitudinal resonance frequency should be more separated with, and lower than, the torsional one. At this frequency, robot slides forward with maximum power and maximizes the energy efficiency.
V. CONCLUSION
This paper proposes a unique morphologically adaptive legged robot based on curved beam which requires no complex control structure that can potentially accomplish practical tasks like going through confined spaces while maintaining its energy efficiency. Due to its shape changing ability, the robot is able to take advantage of the body environment dynamics resulting from the induced frequency eventually leading to highly energy-efficient locomotion. The robot is developed with simple design and fabrication method which is also light weight and very low in cost. Our experimental results with the proposed curved beam robot design show the lowest recorded value of cost of transportation (CoT) as 0.546, without any further processing such as taking offset of the energy consumed by DC motor under no load condition. This result is comparable with other robots which show comparatively similar speed but are much heavier when compared with IUCBR like curved beam robot [14] and ARL Monopod II [20] .
As a future work for this preliminary investigation, we plan to investigate several aspects. First, being the effect of collision with the ground which is indispensable for the energy efficiency in the generated gait. So, we aim to study this effect in detail. We also aim to describe the rotating mass and its effect on the robot's overall dynamics. The effects of torsional and longitudinal resonance frequencies are very important and are obvious from the results in paper but the dynamical effect of the rotating mass is also a key factor. Lastly, we plan to perform further numerical analysis such as comparison with simulation results of the model.
